The worst forest fire in South Korea occurred in April 2000 on the eastern coast. Forest recovery works were conducted until 2005, and the forest has been monitored since the fire. Remote sensing techniques have been used to detect the burned areas and to evaluate the recovery-time point of the post-fire processes during the past 18 years. We used three indices, Normalized Burn Ratio (NBR), Normalized Difference Vegetation Index (NDVI), and Gross Primary Production (GPP), to temporally monitor a burned area in terms of its moisture condition, vegetation biomass, and photosynthetic activity, respectively. The change of those three indices by forest recovery processes was relatively analyzed using an unburned reference area. The selected unburned area had similar characteristics to the burned area prior to the forest fire. The temporal patterns of NBR and NDVI, not only showed the forest recovery process as a result of forest management, but also statistically distinguished the recovery periods at the regions of low, moderate, and high fire severity. The NBR 2.1 for all areas, calculated using 2.1 µm wavelengths, reached the unburned state in 2008. The NDVI for areas with low and moderate fire severity levels became significantly equal to the unburned state in 2009 (p > 0.05), but areas with high severity levels did not reach the unburned state until 2017. This indicated that the surface and vegetation moisture conditions recovered to the unburned state about 8 years after the fire event, while vegetation biomass and health required a longer time to recover, particularly for high severity regions. In the case of GPP, it rapidly recovered after about 3 years. Then, the steady increase in GPP surpassed the GPP of the reference area in 2015 because of the rapid growth and high photosynthetic activity of young forests. Therefore, the concluding scientific message is that, because the recovery-time point for each component of the forest ecosystem is different, using only one satellite-based indicator will not be suitable to understand the post-fire recovery process. NBR, NDVI, and GPP can be combined. Further studies will require more approaches using various terms of indices.
Materials and Methods

Satellite Data
Satellite-based NBR and NDVI were used to detect the area affected by forest fire and evaluate post-fire recovery [32] . The NBR was calculated using the reflectance of the NIR and SWIR wavelengths (ρ) as shown in Equation (1):
The NIR band is an effective spectral band for vegetation monitoring, and the SWIR spectral band effectively represents moisture in soil and vegetation. Sudden changes can occur in the NBR of burned areas because of alterations to the canopy structure and moisture content by forest fires [33] , while NBR change is close to zero for unburned areas [32] . Thus, areas affected by the forest fire were identified using the difference between pre-fire and post-fire NBR: dNBR = NBR pre−fire − NBR post−fire (2) The NBR was computed using Terra/MODIS (Moderate Resolution Imaging Spectroradiometer) surface reflectance data (MOD09 collection 6). The spatial and temporal resolution for MODIS NBR indices was 500 m and 1 day, respectively. MODIS Band 2 (NIR, 0.86 µm) and Band 7 (SWIR, 2.1 µm) were used to calculate the NBR (NBR 2.1 ), and Band 6 (SWIR, 1.6 µm) and Band 2 were also used to calculate another NBR that was defined as NBR 1.6 . In other research fields, NBR 1.6 is called the Normalized Difference Water Index (NDWI) or NDII [29, 34] . NBR 2.1 is similar to the NBR originally used by Garcia and Caselles [35] . Although 1.6 µm is not commonly used to estimate NBR, this study compared NBR 1.6 with NBR 2.1 for monitoring the post-fire forest.
Vegetation health can be represented by the NDVI, a widely used vegetation index [36, 37] . The NDVI was computed using NIR and red wavelengths as follows:
Reflectance of red wavelengths is low when vegetation is healthy and has vital chlorophyll elements [38] . Contrarily, reflectance of NIR wavelengths is higher under such vegetative conditions. The NDVI was calculated from the MOD13A3 data collected by Terra/MODIS from 2000 to 2017. The Terra/MODIS NDVI data's spatial (temporal) resolution was 1 km (1 month). However, there was no Terra/MODIS data available for 1999 to represent the vegetative conditions before the forest fire damage in 2000. Thus, SPOT/Vegetation data from 1999 was used to estimate the NDVI. SPOT/Vegetation NDVI is known be in good agreement with Terra/MODIS NDVI [39] . Weekly SPOT/Vegetation NDVI data was collected in July-August of 1999, with a spatial resolution of 1 km.
To understand the photosynthetic activity of the post-fire forest, the data obtained from Terra/MODIS GPP (MOD17A2H collection 6) was used. Spatial and temporal resolutions were 500 m and 8 days, respectively. MODIS GPP is useful for explaining seasonal vegetation patterns, but it exhibits a slight overestimation when compared with the GPP of flux sites in South Korea [40] . Jung et al. [41] showed that the correlation coefficient of MODIS GPP of three flux sites with forests and croplands was 0.55-0.60.
RGB composite images was calculated using Landsat-5 TM (Thematic Mapper) and Landsat-8/OLI (Operational Land Imager) surface reflectance data. Landsat-5 Band 1 (Blue, 0.49 µm), Band 2 (Green, 0.56 µm), Band 3 (Red, 0.66 µm), and Landsat-8/OLI Band 2 (Blue, 0.48 µm), Band 3 (Green, 0.56 µm), Band 4 (Red, 0.65 µm) were used to compute RGB composite images. The spatial and temporal resolution of the index was 30 m and 8 days. To match the Terra/MODIS data at a 500 m resolution with the Spot/Vegetation data and MOD13A3, the Terra/MODIS NBR2.1, NBR1.6, and GPP data were unified to 1 km spatial resolution, and a geometric projection was used. The July and August data were averaged for each year because that is the most active vegetation growth period in South Korea (Table 1) . To match the Terra/MODIS data at a 500 m resolution with the Spot/Vegetation data and MOD13A3, the Terra/MODIS NBR2.1, NBR1.6, and GPP data were unified to 1 km spatial resolution, and a geometric projection was used. The July and August data were averaged for each year because that is the most active vegetation growth period in South Korea (Table 1) . 
Forest Fires in South Korea and the Study Area
Based on data from 2010, approximately 63% of the land area in South Korea was forest [42] . 59% of forest fires occurred in spring (March-May), and the area damaged by forest fires during spring accounted for approximately 83% of the total area burned that year. Gangwon Province in South Korea often has a dry spring because the air crossing a mountain often changes into dry conditions according to the Föhn phenomenon. Thus, many forest fires have occurred in this area. On 7-15 April 2000, the worst forest fire in South Korean history occurred in this area (the East Coast fire). The forest fire occurred in seven different places and the damaged area covered approximately 23,448 ha. Strong wind speeds (maximum 26.8 m/s) and low relative humidity (minimum 7%) accelerated the spread of the forest fire during this period [15] . After the East Coast fire, the Korea Forest Service (KFS) conducted forest management activities, such as tree planting and artificial regeneration, to aid forest recovery until 2005 [43] .
To monitor the post-fire state of the forest, the three severely burned areas (12,697 ha; 4054 ha; and 2244 ha) were investigated. The biggest forest fire happened near the coastline, and the smallest forest fire was in the upper area of our study ( Figure 2 ). The burned areas consisted mainly of forests, but croplands and cities on the coastline were also included. The study area was set from 36.99 • N to 37.6 • N, and 128.75 • E to 129.50 • E (Figure 1a,b) . Meteorological information in this study is as follows. The average annual air temperature is 12.6 • C, and annual cumulative precipitation is 1278.9 mm, based on 2016 data collected by a meteorological station located in Donghae city. The maximum air temperature is 37.1 • C and the minimum air temperature is −14.0 • C, since May 1992. It rains heavily from July to September.
Remote Sens. 2018, 10, x FOR PEER REVIEW 5 of 16
To monitor the post-fire state of the forest, the three severely burned areas (12,697 ha; 4054 ha; and 2244 ha) were investigated. The biggest forest fire happened near the coastline, and the smallest forest fire was in the upper area of our study (Figure 2 ). The burned areas consisted mainly of forests, but croplands and cities on the coastline were also included. The study area was set from 36.99°N to 37.6°N, and 128.75°E to 129.50°E (Figure 1a,b) . Meteorological information in this study is as follows. The average annual air temperature is 12.6 °C, and annual cumulative precipitation is 1278.9 mm, based on 2016 data collected by a meteorological station located in Donghae city. The maximum air temperature is 37.1 °C and the minimum air temperature is −14.0 °C, since May 1992. It rains heavily from July to September.
Before the forest fire, the forest was dominated by pine (Pinus densiflora) [43, 44] , which covered approximately 69.5% of the study area. Pine-hardwood and hardwood covered approximately 27.6% and 3% of the study area, respectively [1] . Further, before the forest fire, 20-30 and 30-40 year old trees were spread across 54.44% and 22.62% of the study area, respectively [1] . Forest fire areas detected using dNBR of Terra/MODIS. Yellow-Orange-Red pixels indicate forest fire severity divided into three groups using MODIS-based dNBR. Green pixels indicate reference area. Non-forest areas, indicated by grey pixels, were eliminated.
Before the forest fire, the forest was dominated by pine (Pinus densiflora) [43, 44] , which covered approximately 69.5% of the study area. Pine-hardwood and hardwood covered approximately 27.6% and 3% of the study area, respectively [1] . Further, before the forest fire, 20-30 and 30-40 year old trees were spread across 54.44% and 22.62% of the study area, respectively [1] .
Extraction of the Burned Area
The area of forest burned by the East Coast fire was extracted using satellite-based NBR and NDVI. The process of extracting the burned area was as follows. First, Terra/MODIS data from 1999 for the pre-fire forest were unavailable. Through careful study of our preliminary vegetation index analysis output, we assumed that, according to previous studies [16] , the moisture condition in the burned area would have mostly recovered after 10 years from the forest fire event and that the vegetative conditions would significantly differ from those immediately after the East Coast fire of 2000. Additionally, we considered the meteorological conditions affecting that area. Mean air temperature was 15.5 (16.3) • C and cumulative precipitation was 63.8 (38.9) mm in May 2000 (2012). Both air temperature and precipitation in 2012 were similar to those in 2000. Thus, the NBR 2.1 of 2012 was selected as the pre-fire condition for the estimation of dNBR, and MODIS dNBR 2.1 was calculated in the coastline over Donghae-si, Samcheok-si, and Uljin-gun. The burned area was extracted for a dNBR value greater than 0.10 and excluded for a dNDVI value less than 0.0. The extracted burned area was confirmed using previous studies, and it was consistent with reports in related literature [1, 15, 45] . Supplementary material shows the availability of this MODIS-derived burned area through comparison with some burned area from Landsat dNBR of more higher-resolution ( Figure S1 ). Second, the burned area identified using MODIS dNBR 2.1 was classified into three severity levels based on MODIS dNBR 2.1 values: low, moderate, and high. The ranges of dNBR values for fire severity were flexible and changed according to surface conditions, season, and the interval between data used for calculating the dNBR [33, [46] [47] [48] . We defined the MODIS dNBR ranges of 0.10-0.15, 0.15-0.20, and 0.20+ as low, moderate, and high levels of severity, respectively. In this study, high level means most of the trees killed in a pixel. Partially or seriously damaged areas in a pixel are defined as moderate level and low level, which might include burned and unburned areas in a pixel. The burned area from Terra/MODIS was expressed by serious damage to the coastline larger rather than in inland, similar to previous studies [45] . Finally, the land types in the burned areas were classified as forest and non-forest using IGBP MODIS land cover data. The non-forest areas were excluded in order to solely monitor changes in forest recovery.
Definition of the Reference Area
To critically evaluate the forest recovery process, the annually varying meteorological effects on the temporal changes in vegetation and burned indices and GPP were minimized. Meteorological events, such as drought or heavy rainfall, can influence vegetation indices related to forest recovery. Thus, a reference area was necessary to evaluate the recovery of vegetation. The reference area needed to be unburned by the East Coast fire, and the vegetative conditions needed to be similar to the burned area before the fire. In 1999, SPOT/Vegetation NDVI near the burned area was examined. The reference area was selected because the unburned pixels had similar NDVI values to the pixels in the burned area in 1999. The same number of pixels were used for the defined reference area and for the burned area for statistical analysis. An independent two-sample t-test for the burned area and reference area was conducted with IBM SPSS Statistic 23. The P-value was 0.536 at a confidence level of 0.05, indicating that a significant difference did not exist between the two areas. The dominant species in the reference area was similar to that in the burned area. Pinus densiflora was dominant in the selected reference area (http://www.forest.go.kr/images/data/down/gispdf_030201_03_5.pdf). The forest age in the reference area was 20~30 years before forest fire. This implied that the two areas had similar surface characteristics in 1999, which was one year before the East Coast fire.
Results
Damage Severity of the Forest Fire
NBR 2.1 , NBR 1.6 , NDVI, and GPP were analyzed to evaluate the damage severity of the East Coast fire. Figure 3 shows the results acquired in May 2000, immediately after the forest fire. The mean Remote Sens. 2018, 10, 918 7 of 16 of NBR 2.1 values was 0.480 in the reference area, and NBR 2.1 values in areas with low, moderate, and high levels of fire severity gradually decreased and were 0.432, 0.381, and 0.321, respectively (Figure 3a) . The values in the areas with low, moderate, and high fire severity decreased by 10.03%, 20.52%, and 33.13%, respectively, in comparison with the reference area values. The mean of NBR 1.6 values was 0.243 in the reference area, which was lower than that of NBR 2.1 (Figure 3b) . NBR 1.6 values of the burned area decreased when fire severity increased (low: 0.199; moderate: 0.166; high: 0.163); the same trend was observed for NBR 2.1 . NBR 1.6 values were lower than those of NBR 2.1 , but the percentage decreases in the low, moderate, and high burned area compared to the reference area were 18.14%, 31.72%, and 32.78%, respectively. These results showed that NBR 1.6 was better at detecting differences between the burned and reference areas than NBR 2.1 , particularly for low and moderate severity levels. However, the difference between low and high damage levels was more distinguished with NBR 2.1 than with NBR 1.6 .
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In the first July-August period after the forest fire, the GPP differences of the areas with low, moderate, and high severity levels existed as NBR 2.1 , NBR 1.6 , and NDVI (Figure 5d) . However, the SD between these values ceased earlier than for other indices. In areas with low and moderate fire severity, there was no SD (0.848, 0.134; p < 0.05) between GPP in those areas and in the reference area in 2001, which was one year after the forest fire. GPP in areas with high fire severity reached GPP levels in the reference area (0.614; p < 0.05) in 2004. Recent GPP in the burned areas was higher than GPP in the reference area, and a significant difference appeared earlier in areas with high forest fire severity.
Relative Change in Recovery of the Forest
To distinguish the effects of the meteorological conditions from the temporal changes in forest recovery, the ratios of variables (NBR 2.1 , NBR 1.6 , NDVI, and GPP) in July-August in the burned areas were compared with the reference area and investigated. These ratios can accurately express the process of forest recovery ( Figure 6 ). Average values of indices in the unburned forest area were ideal criteria for indicating complete forest recovery. The ratios of NBR 2.1 in burned areas showed an increase after the forest fire ( Figure 6a ). Immediately after the forest fire, ratios of NBR 2.1 were 0.940, 0.875, and 0.806 in areas with low, moderate, and high fire severity, respectively. They reached the criteria level (1.0) in 2004, 2006, and 2008 in areas with low, moderate, and high fire severity, respectively (Table 3) . These results were consistent with the independent two-sample t-test results. After 2008, the ratios of NBR 2.1 in all areas exceeded the confidence interval of the criteria level. Ratios of NBR 1.6 showed similar patterns to those of NBR 2.1 . For example, ratios of NBR 2.1 and NBR 1.6 rapidly increased during the first three years after the forest fire, although the initial values and overall temporal changes were different (Figure 6b) . Table 3 . Recovery-time point (year) indicated by four indices (i.e., NBR 2.1 , NBR 1.6 , NDVI, and GPP) in regions of three fire severity levels during 18 years. L, M, and H represent the low, moderate, and high severity burned areas, respectively. NDVI ratios were 0.942, 0.867, and 0.785 in areas with low, moderate, and high fire severity in July-August 2000, respectively. The ratios increased, particularly during the first three years after the forest fire. These patterns were consistent with the ratios of NBR 2.1 and NBR 1.6 . The NDVI ratios reached the confidence interval values of the criteria level in 2006 and 2009 for areas with low and moderate fire severity, respectively. After 2009, ratios of NDVI in areas with low and moderate severity levels remained between 0.97 and 1.0. However, in areas with high fire severity, the ratio of NDVI barely met the recovery level in 2017.
Indices
Meaning of Monitoring
Ratios of GPP showed different patterns compared to the NBR and NDVI ratios. The GPP in burned areas reached the confidence interval values of the recovery level in 2001, 2001 , and 2003 for areas with all levels of fire severity. Across the whole study period (2001 to 2017), the slope of the GPP ratio in areas with low fire severity was 0.004. However, the slopes of the GPP ratios in areas with moderate and high fire severity were 0.009 and 0.014, respectively. The GPP in these areas exceeded the criteria level (1.0) after 2015, and it, in areas with high severity levels, largely exceeded the GPP in the reference area.
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Discussion
Forest biomass recovery began immediately after the forest fire in 2000, and gradually continued through to 2017. Although the July-August period is the most active forest growing season in South Korea, the vegetative activity in July-August 2000 is remarkable because it was so close to the time the forest fire occurred (May 2000). Indeed, in July-August 2000, vegetation increased in all damaged areas. In addition, the rate of recovery of areas with high fire severity was greater than that of areas with low fire severity. According to KFS reports and ground-survey data in the existing literature about the East Coast fire, the natural appearance of vegetation was observed in damaged areas in the first year after the forest fire [1, 49] . About 80% of the recovery was caused by the re-growth of surviving sprouts [49] . Also, Lee and Chow [50] showed that there was a rapid recovery for three years after the forest fire. However, the re-growth of surviving sprouts cannot fully explain the faster re-vegetation in areas with high fire severity. Armesto and Pickett [51] concluded that when larger disturbances such as forest fires occur, abundance in certain foliage is observed during the recovery period because of the enhanced re-growth made possible by less competition. The dominant tree type changed from pine to hardwood, such as oak species, after the forest fire [1] . Indeed, pine-hardwood and hardwood trees regenerated relatively rapidly compared to pine trees. The KFS conducted recovery efforts, such as tree planting, until 2005 [42] . For example, about 2-ha pine stand was planted in June 2003 [52] . The NBR 2.1 , NBR 1.6 , NDVI, and GPP data obtained during this study represented the integration of these phenomena. The relative ratio of variables in moderate (high) burned areas increased from about 8.0% (7.3%) to about 11.6% (14.1%) during the first 3-4 months after the fire in 2000. Also, the forest recovery trends for 5 years after the forest fire showed quick changes in four variables ( Figure 6 ). These results mean that the remote sensing based variables effectively indicate the progress of forest recovery.
The NBR can indicate conditions of water and vegetation, and the NDVI can detect the amount of vegetation biomass. GPP is a measure of the rate of photosynthetic activity in vegetation chlorophyll. Therefore, these variables are governed by meteorological conditions. The seasonal variations of vegetation activity and water conditions in a forest are greatly influenced by the annual meteorological variation; this would affect the temporal patterns of forest recovery indicated by NBR, NDVI, and GPP. For example, in the spring drought in 2001, both the NBR 2.1 and NBR 1.6 in summer (July-August) 2001 were lower because the water deficit from the spring drought continued into the summer ( Figure 5) . Oppositely, the NDVI and GPP in summer 2001 were higher, possibly because of the higher photosynthetic activity caused by the reduction of clouds during the drought period [53] .
To minimize the annual variation of the meteorological effects, a comparison between the burned and reference areas was carried out (Figure 6 ). All values of the indicators of forest recovery (i.e., NBR 2.1 , NBR 1.6 , NDVI, and GPP), which represented the conditions of the burned area, gradually became closer to the values of the reference forest. However, the time that it took for the values of the burned area to match the reference area values was different. This means that the complete recovery-time point can be evaluated differently depending on the monitoring indicators chosen. The NBR 2.1 and NBR 1.6 values exceeded the levels of the reference area in 2017, but NBR 2.1 reached the reference level earlier than NBR 1.6 . Given that the 2.1 µm wavelength is more sensitive to water at low moisture levels than the 1.6 µm wavelength [54] , NBR 2.1 might be able to detect the recovery of moisture conditions in a forest earlier.
On the other hand, the NDVI almost reached the reference level in 2017, but it did not exceed the level during our analysis period. Therefore, the complete recovery-time point indicated by the NBR was faster than that of the NDVI. This result is consistent with the results of previous studies [16] . Ahn [44] compared two camera images taken immediately after and six years after the East Coast fire, and a lot of the area had been recovered by vegetation, but canopy height was still low. Although surface moisture conditions are generally preserved under vegetation cover, the complete recovery of vegetation biomass and health conditions will be achieved after the recovery of the moisture conditions in the forest. Polychronaki [55] showed that the complete recovery of vegetation after a severe forest fire required more than 20 years.
Immediately after the East Coast fire, GPP was reduced to an extent dependent on the severity of the fire. This was consistent with the result of a previous study [56] . The GPP in the burned areas reached reference levels in 2004. This was the fastest recovery among NBR 2.1 , NBR 1.6 , and NDVI. Further, after 2015, the GPP in burned areas was much higher than the GPP in the reference area, particularly in areas with high fire severity. This result could have been caused by technical and ecological factors. First, the fraction of absorbed photosynthetically active radiation (fAPAR), estimated based on the relationship with NDVI, is an important parameter for calculating MODIS GPP. However, the recovery pattern shown by the NDVI was different than that of the GPP. We did not test the GPP algorithm in this study, but Bolton [11] argued that satellite-based GPP can be influenced by canopy structure. Second, the GPP of young forests after disturbances, such as forest fire, shows dramatic growth, while GPP in older forests slightly declines [57, 58] .
Conclusions
NBRs, NDVI, and GPP in terms of properties of moisture condition, vegetation biomass, and photosynthetic activity were applied to monitor the temporal patterns of forest recovery and identify the recovery-time point after the worst forest fire in South Korean history, according to three levels of fire severity. Further, the change of moisture condition was separately evaluated by two NBR types of 2.1 and 1.6 µm bands, and those NBRs were also used to detect the burned areas. These four remote-sensing variables on the forest recovery progress had similar temporal patterns representing ecological functions. However, their recovery rate was different in the region of each fire severity level.
In NBR2.1 (NBR1.6), the burned area became close to the unburned reference area after 4, 6, and 8 (6, 8, and 15) years in low, moderate, and high levels (Table 3 ). In NDVI, 9 years were required to recover in the low and moderate levels, but the burned area in the higher level needed more time. On the other hand, the GPP in the burned area continuously increased during our whole study period, and excessed the value in the reference area after 15 years. Thus, we concluded that the application using those indices of different properties could be suitable for evaluating the progress of forest recovery from a variety of perspectives. A single remote-sensing indictor should be not necessary for decision-making in forest management.
GPP is the outcome of complex biogeochemical processes of a forest ecosystem. Thus, it is commonly considered as a useful indicator of the ecological condition of a forest. However, the ground-based GPP in the post-fire region is not well appropriately interpreted because spatio-temporal data are not rarely produced. Satellite-based GPP is useful to monitor photosynthetic activity over a large area, but it is relatively difficult to estimate, unlike the simple calculations for NBR and NDVI from the satellite sensors. A process-based biogeochemical model for GPP estimation might be one of the effective ways to understand the cause and effect of the forest recovery processes in a time series. In addition, the satellite derived NBR and NDVI observational data should contribute to the model performance. In this study, we identified the possibility of using NBR 2.1 , NBR 1.6 , NDVI, and GPP to evaluate the recovery of burned areas. In future work, an integrated approach of satellite observation and biogeochemical modeling will be necessary and further long-term monitoring will be required.
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